Abstract
Introduction

43
The human gut microbiota, the community of microorganisms inhabiting our gastrointestinal 44 tract, is involved in a number of metabolic and immune functions and is now considered to be 45 an essential determinant of human health [1] [2] [3] . Notably, these microbes enable an individual to 46 recover key nutrients from food, and can prevent host infection by opportunistic pathogens 4 .
4
factors. This loss of microbial biodiversity is a public health concern, as it may reflect a 78 perturbed ecosystem associated with multiple diseases 19, 20 .
80
In addition to the loss of microbial diversity, developed countries nearly ubiquitously present a 81 marked decrease in the prevalence of human gut parasites 21 . Although it is estimated that 3.5 82 billion people worldwide are infected with some parasite (protozoan or helminth) 22 
90
There is also substantial evidence that these interactions are essential for the development of a 91 healthy immune system, and that the underlying cause of the increased incidence of 92 autoimmune disorders in industrialized countries is the absence of exposure to pathogens and 93 parasites early in life (the "hygiene hypothesis") 44 . In this context, it is important to evaluate the 94 potential role of parasitism in shaping gut microbiome composition and structure.
96
Here, we focus on fine-scale comparisons of African rural populations with contrasting modes of 97 subsistence and unequal access to medicine. Our objective is to understand the influence of 98 current and ancestral diet, host genetics, and parasitism on the composition of the human gut 99 microbiome. We focus on populations from Cameroon for which a large diversity of subsistence 100 modes coexist in a restricted geographical area. We include individuals from Pygmy foraging
101
(hunter-gatherer) populations, Bantu farming populations and Bantu fishing populations, all 102 living in a similar rural environment. These populations are almost entirely self-sufficient in food;
103
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Results
117
Description of the samples: host genetics, diet and parasites
118
Host genetics
119
We analyzed 64 individuals in seven different villages in Southwest Cameroon (average age 50 120 years, ranging from 26 to 78 years) corresponding to 20 hunter-gatherers, 24 farmers and 20
121
individuals from a fishing population (see Fig. 1 and Supplementary 
150
Pygmy hunter-gatherers were underweight (BMI<18) whereas 12%, 0%, and 4% of the South 151 farmers, North farmers, and individuals from the fishing population were, respectively.
152
Conversely, 0% of hunter-gatherers were overweight (BMI>25) while 12%, 14% and 26% of 153 individuals in the other groups were, respectively. This likely reflects the difference in socio-
154
economical status and access to medicine between these populations.
155
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Parasitism
157
We assessed the intestinal parasitism of individuals by direct observation of their fecal samples 158 under the microscope. In more than one individual, we detected the presence of Entamoeba, as 159 well as eggs of Ascaris, Trichuris, and Ancylostoma (see Supplementary Fig. 1 
172
was 83% (SD = 7.5%) and did not vary significantly between populations (Welch's t-test, p > 173 0.2). The dataset was then rarefied to 50,000 reads/sample (see Supplementary Fig. 2 ), and 174 reads were clustered into 5039 operational taxonomic units (OTU) at 97% identity.
176
The five biological replicates (sampling of the same individual few days apart, see Fig. 2a and Supplemental Fig. 4a ).
198
Subsistence and location were both determined to be highly significant based on unweighted relationship between infection by this parasite and composition of the microbiome (Fig. 2) . As it 211 is difficult to distinguish between the opportunistic pathogenic species (E. histolytica) and the 212 strict commensal (E. dispar) by microscopy alone, we were unable to characterize this parasite 213 at the species level. However, fewer than 10% of infected individuals were suffering from 214 diarrhea, suggesting that they were not experiencing symptomatic amebiasis 33 .
216
At the phylum level, we found that 8 of the 13 phyla represented are significantly different
217
between Entamoeba infected (Ent+) and uninfected (Ent-) individuals, with most phyla (except
218
Bacteroidetes and Lentisphaerae) occurring at a higher relative abundance in Ent+ individuals
219
(see Table 1 ). When looking at individual taxa, based on a linear regression model, we also 220 identified a number of notable differences between Ent+ and Ent-individuals (Fig. 2b-c, 
221
Supplementary 
233
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234
Spirochaetaceae 
242
and Gammaproteobacteria are more abundant in infected individuals, the pattern for
243
Bacteroidales is the opposite (see Fig. 2b . Oscillospira uncl and Parabacteroides uncl, the ninth
244
and tenth most important taxa, are associated with the rumen and human intestine, respectively.
246
Furthermore, when looking at the microbial diversity of Ent+ versus Ent-individuals, we found 247 that the presence of Entamoeba is associated with a significant increase in alpha (intra-host) Relationship between specific taxa and microbial community diversity
260
Because of the striking relationship between Entamoeba infection status and alpha diversity, we 261 sought to identify any phyla for which abundance was significantly correlated with community 
267
suggests that these taxa might be more competitive than others and drive down diversity.
269
Predicted metagenome
270
We used the KEGG (Kyoto Encyclopedia of Genes and Genomes) database 36 
295
Entamoeba parasite types present. However, the overall composition seems to shift with the 296 number of parasites (see Supplementary Fig. 11 ), and there is a significant increase in alpha 297 diversity when three parasite species are present ( Supplementary Fig. 12 ).
299
Influence of subsistence on the microbiome
300
Microbial community patterns across subsistence
301
To investigate the effect of subsistence on the composition of the gut microbiome, we 302 summarized microbial taxonomic composition across the four subsistence groups and their 303 geographic locations (Fig 4a, Supplementary Fig. 13 populations (see Supplementary Table 7 and Supplementary Fig. 14a ). The hunter-gatherer 332 population was the most distinguishable such that the correct subsistence group was accurately 333 predicted 85% of the time (versus 31% if predictions had been made by chance alone).
334
Individuals of the fishing and South farming populations were predicted with 65% and 47%
335
accuracy, respectively (versus 31% and 27%, by chance), and the North farming population was 336 never predicted correctly (versus 11%, by chance). Furthermore, incorrect assignments for
337
. 14b ). This suggests that rather than an individual signature taxon, it is the pattern of 342 abundances of multiple taxa that is important for predicting subsistence. In agreement with our 343 linear regression, the taxon identified as being the most important in distinguishing subsistence 344 groups was Bifidobacterium uncl (see Supplementary Fig. 14b and Fig. 4b ), occurring at 345 significantly higher frequency in the fishing population (q = 0.0003, Supplementary Table 5) .
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Ruminococcus bromii, important for degradation of resistant starch 38 , was the second most 347 important taxon, occurring at 0.01%, 0.01%, 0.15%, and 0.12% in the fishing population,
348
farmers from the North, the South, and hunter-gatherers, respectively (q < 0.0001) (see 349 Supplementary Fig. 14c ). The third, fourth, fifth and eighth most important taxa include 
363
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Diet and gut microbial diversity
365
We found the alpha (intra-host) diversity to be significantly lower in the fishing population than in 366 farmers from the South and the North for the phylogenetic distance whole tree metric (Welch's t-367 test: p = 0.021 and p = 0.008, respectively) and only compared to farmers from the North for the
368
Shannon and Simpson metrics (Welch's t-test: p = 0.017, and 0.021, respectively) (see Fig. 5a ,
369
Supplementary Fig. 15-17) . Interestingly, the pattern of beta diversity across subsistence modes 370 using both unweighted and weighted Unifrac distance metrics also distinguishes the fishing 371 population from both farmers, such that the within-group variation is significantly higher in the 372 fishing and hunter-gatherer populations compared to both farmers (Welch's t-test: p < 0.001 for 373 all relevant pairwise comparisons) (see Fig. 5b and Supplementary Fig. 17a-b) .
375
Community differences between subsistence groups based on weighted and unweighted
376
Unifrac distance metrics are the greatest between the fishing population and the other three 377 subsistence groups (Fig. 5c, Supplementary Fig. 17c ). Beta diversity is the highest between the 378 fishing population and hunter-gatherers, the two groups for which there is the largest number of 379 significantly differentially abundant taxa (94% of significant taxa overall; Supplementary Table   380 5). This finding might be expected, given that these populations differ not only in terms of diet, 381 but also in their genetic ancestry and access to medicine. Both farmer populations are slightly 382 more different from the fishing population than from the hunter-gatherers (Fig. 5c, 
383
Supplementary Fig. 17c ), and present a higher number of significantly differentially abundant 384 taxa relative to the other populations (60% and 50% of the significant OTUs differ between the 385 fishing population and the farmers from the South and the North, respectively, versus 44% and 386 38% that differ from the hunter-gatherers; Supplementary Table 5 ). This could suggest that 387 differences in access to medicine, or the occasional consumption of processed food in the 388 . 
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According to the taxonomy-based predicted metagenome for each subject's gut microbiota, we 392 found that only one pathway, bacterial invasion of epithelial cells, differed significantly across all 393 subsistence types; represented at the highest relative abundance in the hunter-gatherers and 394 lowest in the farmers (linear regression: q = 0.03, Supplementary Fig. 18 and Supplementary 395 Table 6 ). This pathway includes proteins expressed by pathogenic bacteria that are important 
408
Influence of parasitism
409
The importance of gastrointestinal parasites in human disease is well established, both as 410 infectious agents and in shaping immunity 22, 41 , and infection by helminths has notably been 411 found to be a major force underlying the evolution of interleukin genes in humans 23 . It has also 412 been demonstrated that loss of helminth exposure removes the enhanced T helper cell 2 (Th2)
413
and regulatory immune response imparted by these organisms, which is correlated with the
414
. 
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452
In term of genetic ancestry, we found that, despite a genetic divergence as old as 60,000 years, 
461
Nonetheless, in our study, we found key differences distinguishing the microbiota of hunter- 
483
(< 0.1%, see Table 1b ). As for Klebsiella and Salmonella, neither taxon differed significantly 484 amongst our groups (Table 1b) . Thus, there does not seem to be any clear trend for
485
opportunistic pathogens in hunter-gatherers populations compared to others.
487
Influence of geography and industrialized lifestyle
488
Amongst the four populations included in this study, the fishing population is the most urbanized 489 due to increased consumption of processed food and access to medicine (resulting in a higher
490
BMI and lower prevalence of intestinal parasites). As such, the characteristics distinguishing the 491 gut microbiomes of the fishing population from the farmers and hunter-gatherers that also differ
492
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500
whereas an elevated proportion of Bacteroides is associated with a diet richer in protein and fat.
501
Although differences between the populations studied here was not statistically significant, the 
504
This abundance of Prevotella sp. is high relative to other genera in this order across all 505 populations (Table 1b) . Species of Prevotella were the most reduced in individuals infected with
506
Entamoeba, a decrease that correlates significantly with higher alpha diversity.
508
In conclusion, our study suggests an important role for eukaryotic gut inhabitants and the 509 potential for feedbacks between helminths, protozoa, microbes, and the host immune response, 
526
The fecal sample was self-collected in the morning and stored in a plastic bag at most 3-4h 527 before further handling. It was then split in two separate samples; one was used to perform the 528 parasitological analysis at a local hospital (fresh or covered with formol) and the other was 
560
were assigned based on taxonomic assignment of the reference sequence with a 97% similarity 561 cutoff. Reads which failed to hit a reference sequence with at least 97% identity were discarded.
562
The average number of reads that were assigned to an OTU per population was 82%. All 563 summaries of the taxonomic distributions ranging from phylum to species were generated from 564 the non-rarefied OTU table generated from this analysis.
566
Diversity analyses
567
To characterize diversity across individuals, rarefaction plots were generated for each sample 568 using the phylogenetic distance metric for diversity 56 . Samples were rarefied to 50,000 reads,
569
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Counts from the rarefied OTU Table ( 
620
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